As part of a large project to determine rooting depth and resource uptake on the Edwards Plateau of central Texas, we developed a DNA-based technique that allows the below-ground parts of all plants to be identified to the level of genus and usually to species. Identification is achieved by comparing DNA sequences of the internal transcribed spacer (ITS) region of the 18S-26S nuclear ribosomal DNA repeat, derived from below-ground plant material, with a reference ITS region database for plants at a site. The method works throughout plants because the plant ITS region can be PCR amplified using a set of universal primers. Congeneric species can usually be identified because the ITS region evolves relatively rapidly. In our study, all roots were easily identified to the level of genus; most congeneric species were identified solely by ITS sequence differences but some required a combination of ITS sequence data and above-ground surveys of species at a site. In addition to showing the feasibility and efficacy of our technique, we compare it with another DNA-based technique used to identify belowground plant parts. Finally, we also describe a DNA extraction and purification technique that reliably provides high-quality DNA of sufficient quantity from roots so that PCR can be readily accomplished. Our technique should allow the below-ground parts of plants in any system to be identified and thereby open new possibilities for the study of below-ground plant communities.
Introduction
Plant roots influence the hydrology, biogeochemistry and primary productivity of terrestrial ecosystems (Nepstad et al . 1994; Jackson 1999) . However, the study of below-ground ecological and evolutionary patterns and processes has been hampered by a lack of broadly applicable methods for identifying plants from their underground parts (roots, stems, buds, tubers, etc.; Caldwell et al . 1987; Casper & Jackson 1997) . Identification of individual species within the rhizosphere would help elucidate how different species partition belowground resources and which species influence different parts of the rhizosphere. For example, such a method could be used to assess the spatial distribution of below-ground community composition. It would also dramatically help researchers studying root interactions and allelopathy below ground (Schenk et al . 1999 ). Ideally, a method for identifying below-ground parts would be rapid, reliable and inexpensive.
As part of a project to determine the rooting depth and resource uptake of woody species on the Edwards Plateau in central Texas , we developed a method that uses the internal transcribed spacer (ITS) region of the nuclear ribosomal DNA (rDNA) repeat to identify most underground plant parts to the level of species. The ITS region was chosen to identify roots because: (i) it can be amplified universally using the polymerase chain reaction (PCR) in all plants and fungi using primers anchored in the conserved 18S and 26S genes of the rDNA repeat (White et al . 1990; Baldwin et al . 1995) ; (ii) it is known to evolve rapidly in plants so that genera and, in many cases, species can be readily distinguished by sequence variation (Baldwin et al . 1995) ; (iii) it undergoes rapid concerted evolution (Zimmer et al . 1980; Moritz & Hillis 1996) , which usually eliminates multiple alleles in a population in the absence of hybridization; and (iv) it is used extensively by plant systematists, so many ITS sequences are already available in the GenBank databank for comparison with sequences from roots. As of 10 January 2000 there were over 8800 ITS region entries for green plants in GenBank.
Here, we present full details of the method used in Jackson et al . (1999) , including improvements in the technique and a description of potential problems other researchers may encounter. We also describe root extraction buffers and purification methods that we developed to overcome special phenological and chemical problems associated with acquiring high-quality DNA from the roots of some species. Finally, we compare our method of identifying below-ground plant parts with an independently developed method (Bobowski et al . 1999 ) which uses restriction fragment length polymorphisms (RFLPs) in the chloroplast-encoded gene rbcL .
Materials and methods

Development of a reference-sequence database
Our study area was the Edwards Plateau, a 100 000 km 2 karst region of central Texas. The vegetation is primarily savanna and woodland dominated by trees from the genera Quercus , Juniperus , Ulmus , Celtis and, farther to the west, Prosopis (Auken et al . 1980) . To make positive identifications of woody species from DNA extracted from roots found in caves 5 -65 m deep, we required a reference database of ITS region sequences from known samples. Of the woody species at our sites (Table 1) , only the ITS region of Fraxinus pennsylvanica was in GenBank at the time of our study. For the remaining species, we obtained leaf, flower or seed samples from local plants. Because many species of Quercus are either known or suspected to hybridize (Van Valen 1976; Whittemore & Schaal 1991; Dumolin-Lapègue et al . 1997 , multiple samples of three of the oak species were extracted ( Q. fusiformis , Q. sinuata , Q. buckleyi ) to test whether intraspecific polymorphisms exist that might complicate species identification using the ITS region. In addition, DNA was available for two species of Carya and one species of Ulmus (Table 1 ) not found at our study site. We included these species to assess more broadly the ability of the ITS region to distinguish among congeneric species in our study. DNA was extracted from above-ground material using either a standard 2 × CTAB buffer (Doyle & Doyle 1987) or, if that failed, a 1-m boric acid 1 × CTAB buffer described below. A standard Doyle & Doyle (1987) protocol was followed. DNA was further purified by either Elu-Quik (Schleicher & Schuell) or the DNeasy Plant Mini Kit (Qiagen).
Twenty nanograms of template DNA were used in 25-µ L PCRs consisting of 30 m m tricine pH 8.4, 2 m m MgCl 2 , 50 m m KCl, 5% acetamide (w/v), 100 µ m each dNTP, 1.0 units Taq DNA polymerase and 30 n m of each amplification primer. The complete ITS region (ITS1, the 5.8S gene and ITS2) was amplified using primers 'ITS-4' (White et al . 1990 ) and a modification of 'ITS-5' (White et al . 1990 ) based on the sequence reported for glycine (Eckenrode et al . 1984 ; 5 ′ -GGAAGGAGAAGTCGTAACAAGG-3 ′ ). Reactions were overlaid with mineral oil and run on an MJ Research Species Source GenBank accession no. Thermal Cycler programmed for a hot start (95 ° C, 5 min; 74 ° C, 7 min) and 30 cycles of 94 ° C, 45 s denaturing; 50 ° C, 45 s annealing and 72 ° C, 40 s extension. A final extension of 72 ° C for 7 min was also included. Following amplification, 3 µ L of the reaction mixture was run on a 1.5% agarose gel in 0.5 × TBE buffer to determine whether an appropriately sized product had been produced. Products were visualized using ethidium bromide and their sizes were determined using a standard 1-kb ladder (Gibco). PCR products were sequenced directly following purification (QIAquick PCR Purification Kit, Qiagen). All DNA sequencing for this project was performed on an ABI Prism 377 automated sequencer using standard reagents and protocols (Perkin-Elmer, California). The staff of the Core Facility at the Institute of Cellular and Molecular Biology, University of Texas, performed the sequencing reactions. For all reference sequences, with the exception of the Q. sinuata sample from Powells Cave, both strands of the complete ITS region were sequenced. For most species, sequencing was accomplished with the ITS-5 and ITS-4 primers (White et al . 1990 ), but for one sample of Q. fusiformis and one of Q. sinuata a poly(G) tract prevented sequencing of most of the ITS region with the ITS-5. For these samples, the internal primers ITS-2 and ITS-3 (White et al . 1990 ) were used to provide coverage of the remaining areas. For the Q. sinuata sample from Powells Cave, only the sequence primed by the ITS-4 primer was used.
Berberis trifoliolata
Complete ITS region sequences for each sample were assembled using SeqMan II (DNASTAR 1999b). All ABI traces were checked by eye for misread bases and polymorphisms before the sequences were assembled. Intraindividual polymorphisms that could be confirmed on both strands were retained. Diagnostic interspecific polymorphisms were assessed by aligning the sequences using the clustal method (Thompson et al . 1994) as implemented in megalign (DNASTAR 1999a) .
Extensive use of the ITS region for phylogenetic reconstruction has shown that intergeneric comparisons routinely reveal multiple diagnostic differences in the form of point mutations and often insertions and deletions (reviewed in Baldwin et al . 1995) . Intragenerically, the level of diagnostic differences between species varies from multiple differences to none. In our study, intergeneric polymorphisms were considered diagnostic for a species when multiple base substitutions or insertions and deletions were unique for the species or when combinations of changes uniquely identified a species. Intragenerically, differences were only considered diagnostic if several (>4) unique differences were found. We did not perform extensive population level sampling to determine if small numbers of intrageneric differences were diagnostic for our species because above-ground vegetation surveys, in combination with the ITS sequence data, always uniquely identified the roots in individual caves.
Sampling of roots for identification by ITS sequence analysis
We sampled 18 caves across the central and eastern Edwards Plateau (Table 2) , ranging in depth from 5 to 65 m . Roots were discovered in 14 caves, and, from these, fine roots were obtained either from soil on the floor of the caves or, in a few cases, from underground streams. Individual roots were placed in sealed plastic bags with adequate moisture to keep them hydrated. They were placed on ice if they could not be brought to the laboratory within 48 h. Once in the laboratory, roots were cleaned thoroughly of all soil by rinsing first in tap water and then distilled water.
In addition to collecting roots, vegetation surveys were conducted above each cave ) to independently verify the species which might have roots in the caves and to narrow the set of species with which to compare our root-derived ITS region sequences.
Development of root extraction buffers and a DNA purification procedure
Early in the study, it was apparent that the standard Doyle & Doyle (1987) buffer failed to extract DNA from many root samples and that, even when DNA could be extracted successfully from roots, standard purification procedures (Elu-Quik, Schleicher & Scheull, and DNeasy Plant Mini Kit, Qiagen) left contaminants that interfered with the PCR. We tested five extraction buffers to determine which could most consistently recover intact DNA in the largest quantities from root tissue. The first buffer was the Doyle & Doyle (1987) 2 × CTAB buffer, which served as a standard. The remaining buffers were: a 2 × CTAB extraction buffer in which the concentration of Tris was increased to 1 m; a 1 × CTAB extraction buffer in which the concentration of Tris was 1 m (Steenkamp et al . 1994) ; and 1 × CTAB buffers in which boric acid was substituted for Tris at concentrations of 0.01 m and 1 m . Once we determined that the 1 m boric acid 1 × CTAB buffer was the most efficient at recovering DNA from roots (see Results), we used it consistently. Up to 0.2 g of the finest and freshest root material available was ground in liquid N 2 using a pestle and mortar. Occasionally, only larger, older roots were available for extraction. In these cases, the layer outside the xylem was peeled and extracted to reduce the proportion of woody tissue with low DNA content in the extraction. The extraction procedure followed the protocol of Doyle & Doyle (1987) , but a chloroform : phenol step (Sambrook et al . 1989 ) was added before performing chloroform : isoamyl alcohol purification. The quantity and quality of DNA from extractions were assessed using a DyNAQuant 2000 DNA fluorometer (Pharmacia) and by running 3 µ L of the extraction on a 0.5 × TBE agarose gel. Gels were stained with EtBr and visualized using UV light.
Both methods of determination were necessary because contaminants in the extracted DNA occasionally interfered with the Hoechst dye used by the fluorometer, producing artificially high readings. If a sample was determined to have sufficient DNA, the remainder was gel purified using the QIAEX II Gel Extraction Kit (Qiagen). The 0.5 × TBE purification gels were run for a minimum of 1.5 h to ensure separation of contaminants from the DNA. Pigmented contaminants, which ran more rapidly than DNA, were often visible in the gel. We did not test whether they were responsible for interfering with PCR amplifications when present.
Amplification and sequencing of the ITS region from DNA extracted from roots
Gel-purified DNAs were used as templates in separate PCR amplifications of the ITS region of the rDNA repeat. Twenty-five microlitre PCR reactions, identical to those run for the reference samples, were performed to amplify the complete ITS region. PCR products were sequenced using the same procedures and facilities as the reference samples. Initially, we sequenced just the ITS1 region using the ITS-5 primer; however, a poly(G) stretch early in the ITS1 of several samples prevented reliable sequencing of downstream regions. Subsequently, we used the ITS-4 primer to sequence the ITS2 region. Sequence variation in the ITS2 alone was sufficient to distinguish among species within a site. All ABI traces were inspected by eye and corrected using seqman II (DNASTAR 1999b). Ambiguous bases were retained using standard IUB symbols (A, adenosine; G, guanosine; C, cytidine; T, thymidine; M = A or C, R = A or G, W = A or T, S = C or G, Y = C or T, K = G or T, N = unreadable). Only regions in which the traces could be scored clearly were retained.
Identification of roots
To identify roots, ITS region sequences from unknown samples were aligned with reference sequences using the pairwise alignment feature in megalign (DNASTAR 1999a ). An unknown sample was considered to be identified if its ITS sequence matched perfectly that of a reference species or if it differed from the reference sequence by only one to three base pairs and was not more similar to some other reference sequence. For the few congeneric species that could not be identified unambiguously by DNA sequence data alone, the above-ground surveys were used to eliminate species not growing above the cave from which the roots were collected.
Results
Reference database
ITS region sequences for all reference species collected for this study have been annotated and deposited in GenBank (Table 1) . In all cases, species in different genera could be readily distinguished by multiple sequence differences (nucleotide differences or gaps). Even the most closely related pair of genera, Quercus and Ulmus, had a large number of diagnostic differences (Fig. 1) . Within genera, the ability to distinguish species varied. At one extreme, Ilex decidua and I. vomitoria had identical ITS regions. At the other extreme, the three Ulmus species each had eight unique differences (Fig. 2) . The results for the three Carya species were less consistent. C. illinoiensis had seven unique 2 clustal alignment of the ITS regions from three reference Ulmus species: U. americana (U.ame), U. crassifolia (U.cra) and U. rubra (U.rub). The U. americana sequence is used as a reference for the other two sequences. The conventions used in Fig. 1 to represent agreement and disagreement with the reference sequence are followed, except that gaps that uniquely identify a species are represented with bold equal signs. Nucleotide differences that uniquely identify a species are indicated in bold. The boundaries between ITS1, 5.8S and ITS2 are indicated above the sequences. differences, C. ovata had one and C. glabra had none, although it might be distinguished from the others by a single combination of bases (Fig. 3) . The Quercus species exhibited a high degree of polymorphism within and between individuals and species (Fig. 4) . The withinindividual polymorphisms are indicated by the large number of positions with two or more bases. The high degree of within-species polymorphism prevented many unique interspecific differences from occurring. Only Q. buckleyi, the sole red oak species, had a large number of unique differences (12). Q. stellata had three possible unique nucleotide differences and one unique gap. However, given the amount of within-species polymorphism in Q. fusiformis and Q. sinuata, more extensive sampling of Q. stellata is needed to determine if the interspecific differences seen here are consistent. Q. fusiformis and Q. sinuata could not be distinguished by unique or combinatorial differences.
Effectiveness of root extraction buffers and DNA purification methods
The standard Doyle & Doyle (1987) 2 × CTAB extraction buffer generally did a poor job of extracting DNA from root tissues. Only two samples yielded DNA that could be amplified readily using PCR. In contrast, early in the growing season, the 1 m Tris 1× CTAB extraction buffer was able to extract intact DNA from all samples, as visualized on EtBr-stained agarose gels (data not shown). As the season progressed, the 1 m Tris 1× CTAB buffer began to fail to extract DNA from roots, perhaps due to increased plant phenolics (see Discussion). By late July we could no longer extract sufficient DNA for PCR amplifications following DNA purification. The 1 m boric acid 1× CTAB buffer was able to extract root DNA even late in the season. No matter which extraction buffer was used, Elu-Quik and DNeasy purification methods usually failed to produce Fig. 3 clustal alignment of the ITS regions from three Carya species: C. glabra (C.gla), C. illinoiensis (C.ill) and C. ovata (C.ova). The C. glabra sequence is used as a reference for the other two sequences. The conventions used in Fig. 2 to represent agreement and disagreement with the reference sequence are followed. Differences that uniquely identify a species are indicated in bold. The boundaries between ITS1, 5.8S and ITS2 are indicated above the sequences. Fig. 4 clustal alignment of the ITS regions from four Quercus species: Q. fusiformis (Q.fus), Q. sinuata (Q.sin), Q. buckleyi (Q.buc) and Q. stellata (Q.ste). Three Q. fusiformis, two Q. sinuata and two Q. buckleyi sequences are shown to illustrate intraspecific polymorphisms within those species. Names of intraspecific sequences indicate the locations from which leaf material was collected: campus, University of Texas at Austin campus, NBC, Natural Bridge Cavern; Powell, Powells Cave; Cotterell, Cotterell Cave; Barton, Barton Creek. The Q.fus.campus sequence is used as a reference for the other sequences. The conventions used in Fig. 2 to represent agreement and disagreement with the reference sequence are followed. Differences that uniquely identify Q. buckleyi and Q. stellata are indicated in bold. The boundaries between ITS1, 5.8S and ITS2 are indicated above the sequences. root DNA pure enough for PCR reactions. Early in the growing season we were occasionally able to amplify the ITS region with 10 : 1 to 50 : 1 dilutions of template DNA (undiluted concentration: 20 ng per 25 µL PCR reaction), however, even diluting the template failed as the growing season progressed. Only gel purification with the QIAEX II Gel Extraction Kit consistently yielded DNA that was free from contaminants that interfered with PCR amplification, although the yields from this purification method were low. When running gels for purification, it was evident in many samples that a pigmented fraction was being separated from the DNA. We did not perform any analyses to determine the nature of the contaminants that interfered with PCR amplification.
Identification of root samples
Roots for which the ITS region amplified well consistently produced legible DNA sequences for the ITS2 region, and all roots that yielded amplifiable DNA were ultimately identified to species using sequence data alone or sequence data in combination with our above-ground surveys of species (Table 2) . A total of 35 samples, representing seven species, was identified by their ITS sequences. The taxonomic range of species identified was broad, including a conifer and four genera of woody dicots. By far, the most common species was Q. fusiformis (N = 18).
At the Powell Cave site, we were initially unable to identify the Bumelia lanuginosa root samples because our reference database did not include B. lanuginosa. B. lanuginosa, a small tree or shrub, was left out of our database because we were unaware of the presence of the species at the site and it did not occur above any of the other caves we sampled. Access to Powells Cave is restricted to three times per year, and since our root samples were collected during the winter, the naked branches of B. lanuginosa were not recognized. Our inability to identify the B. lanuginosa roots with our initial set of reference sequences led us to consider other species that might be at the site or possible fungal contamination. A blast search (Altschul et al. 1997; Zhang & Madden 1997) on GenBank showed no similarity to any fungal ITS sequences and very poor similarity to any plant sequences. In spring 1999, we obtained B. lanuginosa leaves (kindly provided by T. Wendt) and identified the roots by their perfect alignment with the reference B. lanuginosa sequence. We subsequently returned to Powells Cave during the 1999 growing season and identified several B. lanuginosa individuals near the cave.
Discussion
As long as DNA can be extracted and purified from below-ground plant parts, our method of identification using the ITS region can reliably identify all samples to the level of genus and, in most cases to the level of species. Our experience and that of Steenkamp et al. (1994) suggests that extraction and purification of DNA from roots can be challenging. In our study, it was the most difficult aspect of using DNA for species identification. We and others (Steenkamp et al. 1994) have found that more highly buffered extraction solutions are essential to maintain pH in a suitable range for dissolving the extracted DNA. In our work, solutions buffered at low levels, such as the Doyle & Doyle (1987) 2× CTAB buffer, became too acidic (data not shown). However, pH is clearly not the sole determinant of successful DNA extraction since 1 m Tris and 1 m boric acid 1× CTAB solutions had very different abilities to extract DNA from roots later in the season. Further development of extraction buffers for woody roots is desirable to find ones that eliminate the need for gel purification following extraction. This is especially important when only small quantities of DNA are likely to be recovered due to limited quantities of root tissue.
Although we did not determine what caused the seasonal variation in the ability of the 1 m Tris 1× CTAB extraction buffer to successfully harvest DNA from woody roots, two possibilities seem particularly likely. First, the proportion of DNA in the roots may have decreased as the season progressed because the roots were less actively growing and becoming more highly lignified or supported with cellulose. Second, the concentration of secondary compounds may have increased as the season progressed. In some plants, the concentration of secondary compounds in young leaves is lower than in mature leaves (e.g. Langenheim 1994; Forbes et al. 1995; Lerdau et al. 1995; Llusià & Peñuelas 2000) . It may be that a similar process takes place in the roots of the species studied here. Roots that were ultimately determined to be Quercus, a genus known to have large amounts of tannin, were the most difficult from which to extract and purify DNA. Prior to gel purification, Quercus DNA solutions were obviously contaminated with pigmented compounds which could only be separated from the DNA by agarose electrophoresis.
Universality and accuracy of the method
Use of the ITS region for identification of roots should have broad applicability to all green plants, opening avenues of investigation into below-ground processes in plants that have previously been difficult or impossible to study . Because the ITS region can be amplified throughout green plants using the same set of primers (Baldwin et al. 1995) , the ITS of any below-ground part from which DNA can be extracted successfully and purified can be used to identify species. The most telling aspect of the method's accuracy was our discovery that we had overlooked Bumelia lanuginosa above-ground at Powells Cave only after we identified B. lanuginosa root ITS sequences from the site.
Even so, the ITS region sequence by itself will not always provide an unambiguous means of identifying all species as is evident from our ITS sequences for Ilex and Quercus and examples from the systematics literature (Soltis & Kuzoff 1993; Bain & Jansen 1995; Bakker et al. 1995; Baldwin et al. 1995; Francisco-Ortega et al. 1997; Schilling et al. 1998) . In our study, surveys of the aboveground vegetation allowed us to make unambiguous assignments of species, especially Quercus, but there will undoubtedly be communities where this will not be the case. For these situations, more rapidly evolving regions or markers will be needed if DNA is to be used to identify roots. Some candidates for this level of identification are randomly amplified polymorphic DNA (RAPD; Rieseberg et al. 1994; Chowdari et al. 1998; Pejic et al. 1998) , intersimple sequence repeats (ISSRs; Zietkiewicz et al. 1994; Godwin et al. 1997; Blair et al. 1999; Prevost & Wilkinson 1999) and amplified fragment length polymorphisms (AFLPs; Vos et al. 1995; Hongtrakul et al. 1997; Pejic et al. 1998; Barcaccia et al. 1999; Krauss 1999; Palacios et al. 1999; Zhu et al. 1999) . All three methods have been shown to generate large amounts of variation, often allowing individuals to be fingerprinted. The AFLP method is especially promising because it works with very small quantities of DNA and is highly repeatable (Vos et al. 1995; Hongtrakul et al. 1997; Waugh et al. 1997; Zhu et al. 1999) .
Another area of concern for closely related species is intraspecific polymorphisms and hybridization. Even our small number of intraspecific samples of Quercus revealed that ITS region polymorphisms can make species-level identification by sequence similarity impossible. Other genera that experience high levels of interspecific hybridization are likely to present similar problems. The only way to identify such problems is to sample a sufficiently large number of individuals from the area of study so that the intraspecific polymorphisms can be characterized. It should also be noted that polymorphisms due to hybridization will likely be a problem for all nuclear DNA regions and organellar markers where gene flow is bidirectional.
Finally, because the same primers that are used to amplify the ITS region in plants will also amplify fungal ITS regions (White et al. 1990 ), we were concerned initially that fungi on roots or mycorrhizal associations with the roots would interfere with our ability to obtain unambiguous plant ITS region sequences from roots. This was not a problem even though all of the species we identified by root DNA form mycorrhizal associations (Brundrett 1991) . Few of our root samples were from larger roots that would not be expected to have mycorrhizal infections, and there are no data addressing whether roots at the depths we sampled are normally infected by mycorrhiza. However, during the development of our techniques, we extracted DNA and amplified the ITS region from shallow roots of several woody species in our reference database. These roots should have been infected, but, here again, we did not detect fungal contaminants in our ITS sequences (data not shown). It is therefore likely that the concentration of fungal DNA in roots will be too low relative to root DNA to interfere with successful amplification of plant ITS sequences. Bobowski et al. (1999) recently published a method for identifying below-ground plant parts using RFLPs detected in rbcL, a chloroplast encoded subunit of RUBISCO, following PCR-amplification. Both the method of Bobowski et al. (1999) and our method amplify regions of DNA using primers that are well conserved throughout green plants. Also, both methods require only a small amount of purified DNA to successfully amplify their respective regions. However, use of the DNA sequence from the ITS region has several advantages over restriction digests of rbcL for identifying plants to species. The ITS region usually evolves more rapidly than rbcL (Palmer et al. 1988; Baldwin et al. 1995) and is routinely used by plant systematists for lower level phylogenetic reconstructions rather than rbcL because of its rapid evolution (Baldwin et al. 1995) . Therefore, the ITS region should resolve the identity of below-ground plant structures with greater accuracy in a larger number of cases than rbcL. In addition, DNA sequence data are more likely to reveal diagnostic differences than RFLPs because RFLPs reveal only changes at restriction sites or length variation large enough to be detected on agarose gels. DNA sequences reveal all possible diagnostic changes.
Comparison of methods
Although the DNA sequence of the ITS region usually identifies plants to species, the cost of sequencing reactions may be greater than that of restriction digests. We therefore suggest the following strategy for the identification of below-ground plant parts. When the species of interest are in different genera, either rbcL or the ITS region could be amplified and surveyed for diagnostic RFLPs. When species are in the same genus or are known to have diverged recently, the reference ITS sequences could be searched for diagnostic restriction sites. If consistent diagnostic restriction sites can be identified, then restriction digests could be employed on PCR-amplified ITS sequences for the below-ground samples. If not, then the project could proceed with DNA sequencing.
Molecular methods for identifying below-ground parts of plants have opened new avenues of research concerning below-ground ecological processes in plants (Bobowski et al. 1999; Jackson et al. 1999) , and new techniques should continue to expand the questions that can be addressed. We are currently developing fingerprinting methods for roots, which should make it possible to take the final step of unambiguously connecting individual roots to aboveground stems in nonclonal species, allowing study of above-and below-ground plant physiological processes on a per plant basis in natural systems.
